INTRODUCTION
The sweet potato whitefly Bemisia tabaci (Gennadius) and its biotypes have become a major threat to agriculture worldwide, particularly ornamental, vegetable and field crops, because of the direct damage that they inflict and their ability to transmit major disastrous viruses. 1, 2 Although broad-spectrum insecticides such as organophosphates, carbamates and pyrethroids have been used to control the whitefly, 3 -5 their toxicity to humans and beneficial organisms and the development of resistance among B. tabaci biotypes have led companies to develop 'environmentally friendly' pesticides. These new insecticides specifically target insect pests and have become major components in pest and resistance management programmes. 6 -8 The extensive use of new insecticides against B. tabaci, such as first (imidacloprid) and second (acetamiprid and thiamethoxam) classes of neonicotinoids, 9 -11 and insect growth regulators (benzoylphenyl ureas, pyriproxyfen) in cropping systems is approaching a point at which resistance problems and field failures are just a matter of time. 12 -14 Several studies have already reported resistance problems with some of these compounds, and thus new chemical molecules that specifically target insect pests and exhibit low toxicity to the environment are needed. One of the new classes that have recently been developed is tetronic acid derivatives. Spiromesifen is an insecticide from the new class of spirocyclic tetronic acids that acts effectively against whiteflies and mites. 14 -17 It acts as an inhibitor of acetyl-CoA-carboxylase, a lipid metabolism enzyme, 16 and causes a significant decrease in total lipids. This compound has been introduced in several countries over the last few years and is becoming an important compound for controlling whiteflies and mites in resistance management programmes, along with other effective insecticides such as neonicotinoids and diafenthiuron. Several recent studies have shown the effectiveness of spiromesifen against whiteflies and mites. 16, 17 In the present study, the effects of spiromesifen were evaluated under laboratory and field conditions on different developmental stages of B. tabaci, as well as on their fertility and fecundity. Contact, translaminar and systemic activities were also tested. The results suggest that spiromesifen is a much more active compound against B. tabaci ova than was previously thought, and as such it can be considered to be an effective compound for use in resistance management programmes against B. tabaci.
EXPERIMENTAL METHODS

Insect strains
A susceptible strain of B. tabaci (biotype B), used in all bioassays, was collected in 1987 from cotton fields and thereafter reared in isolation, with no exposure to any insecticides. The whiteflies were reared on cotton seedlings (Gossypium hirsutum L. cv. Acala) under standard laboratory conditions of 26 ± 2
• C and a 14 : 10 h light : dark photoperiod. Other whitefly populations used in this study were collected in different locations in Israel.
Insecticides
Spiromesifen was applied as a 240 g L −1 SC (Oberon  240 SC; Bayer CropScience, Germany).
Egg and instar bioassays
Cotton seedlings infested with first instars or with 0-2-day-old eggs were dipped in various concentrations of the compound or in water as a control. Cumulative nymphal mortality (expressed as suppression of pupation) was determined 10 and 18 days after application of the compound. Foliar application on eggs was used for spiromesifen resistance monitoring in Israel.
Adult bioassays
A cotton stem with two true leaves was placed in a plastic vial containing water to prevent desiccation and covered with parafilm. Leaves were dipped for 20 s in 5 mg AI L −1 (aqueous concentration) of the formulated compound, or in deionized water (control). After air drying, vials with the treated leaves were put into glass jars and 10-20 whiteflies (females or males, sexed under a stereoscope) were introduced into each. Adult mortality was determined after different days of exposure to treated leaves. Bioassays for each exposure period were performed in five replicates (i.e. five jars).
Effect on fecundity and fertility
Mated female whiteflies (3-5 days old) were exposed to cotton leaves treated with various concentrations of the tested compound as described above. After different pre-exposure periods, the whiteflies were collected and transferred to untreated cotton plants. Each leaf was infested with 5-10 females confined in clip cages for 24 h oviposition. The number of eggs per female (fecundity) was then determined. The percentage of hatched eggs (fertility) was determined after 8 days.
Translaminar application
Leaves of cotton seedlings infested with first instars on their lower surfaces were treated with a paint brush on only their upper surfaces with various concentrations of spiromesifen (at an application volume of 50 µL of solution per leaf). Cumulative nymphal mortality (expressed as suppression of pupation) was determined 10 days after treatment at the pupation stage.
Systemic application
For stem application, stems with two true leaves infested with first instars were placed separately in plastic vials containing various concentrations of the compound or water as a control and covered with parafilm. Nymphal mortality was determined 4 and 7 days later. For soil application, leaves of potted cotton seedlings were exposed to 10-15 B. tabaci females confined in clip cages for 24 h oviposition. The number of first instars was counted after 8 days. Soil of potted seedlings infested with B. tabaci nymphs was drenched with various spiromesifen concentrations, then kept under standard laboratory conditions as described above. The soil in all tests (250 mL pots) was prepared from 70% peat and 30% tuff. Aqueous solutions (25 mL) containing various spiromesifen concentrations were applied to the soil. The effect of spiromesifen on nymphal mortality (expressed as suppression of pupation) was determined 10 days after application.
Residual activity
Cotton seedlings were treated with various spiromesifen concentrations. The treated plants were periodically exposed to B. tabaci females confined in clip cages for 24 h oviposition, and the number of eggs laid was then counted. Nymphal mortality, expressed as suppression of pupation, was determined after 18 days. Each bioassay was performed with four concentrations, 5-10 replicates each.
Light and scanning electron microscopy (SEM)
For light microscopy, eggs were separated from the leaves and submerged in 80% glycerol on glass slides. They were then covered with coverslips and viewed under a Leica compound microscope. A total of 87 eggs laid by treated females and 42 eggs laid by untreated females were processed for light microscopy. A total of 25 treated females and over 100 eggs laid by treated females and 15 untreated females and 50 eggs laid by untreated females were processed for SEM analysis. Eggs and adult females were treated and viewed as previously described. 18 
Fluorescence in situ hybridization (FISH)
FISH of eggs and nymphs was performed exactly as described by Gottlieb et al. 19 with the symbiont-specific 16S rRNA DNA probes given in Table 2 of that reference. Whole-mounting confocal microscopy, reproducibility and controls were performed exactly as described by Gottlieb et al. 19 
4 ,6-Diamidino-2-phenylindole (DAPI) staining of ovaries
Ovaries were dissected from three-day-old mated female whiteflies, fixed in 4% formaldehyde for 1 h and washed 3 times in 1× phosphate-buffered saline (PBS). They were then incubated in 0.1 mg mL −1 DAPI in 1× PBS solution for 15 min, washed 3 times, 5 min each with 1× PBS, submerged in 80% glycerol on a microscopic glass slide, covered with a cover slip and viewed under a Leica fluorescent compound microscope.
Data analysis
Probit analyses of the concentration-dependent mortality data were performed using POLO-PC, 20 after correction with Abbott's formula. 21 Failure of 95% CL (confidence limits) to overlap at a particular lethal concentration indicated a significant difference. All results comparing differences in adult mortality, fertility and www.interscience.wiley.com/journal/ps fecundity and the number of ovarioles to those of the control were statistically analysed using a paired t-test with α = 0.05. Error bars in all graphs represent the standard error of the mean (SEM).
RESULTS
Effect of spiromesifen on adult mortality
Male and female whitefly mortality rates were tested using the bioassays described in Section 2. Figure 1 shows that, although spiromesifen affected both males and females (significantly after 7 days), only 40-50% mortality was obtained. This result indicated that spiromesifen is moderately effective against adults. The results further indicated that males and females are equally affected, as can be noted after 7 days of spiromesifen exposure (Fig. 1 ).
Effect of spiromesifen on egg and nymphal stages
Spiromesifen caused considerable mortality rates when first nymphs (LC 50 = 0.5 mg AI L −1 ) and eggs (LC 50 = 2.6 mg AI L −1 ) were treated (Fig. 2 ). The effect after first nymph treatment was stronger than the effect after egg treatment.
Effect of spiromesifen on fertility and fecundity
After 1 day of exposure, the number of eggs laid by treated females, presented as the number of eggs laid by one female after a 24 h period on average, was not significantly different from controls (Fig. 3) . However, significant reductions in fecundity were observed after 2 days exposure to leaves treated with the highest Figure 4 demonstrates that, when spiromesifen is acquired by the plant in a systemic manner (through the stems), the effect is similar to foliar application (compare LC 50 values in Fig. 4B for cut seedlings treated for 7 days and foliar treatment). When spiromesifen was applied to the soil, it showed moderate activity ( Fig. 4B ).
Systemic, translaminar and residual activity of spiromesifen
Translaminar activity of spiromesifen was also moderate (Fig. 4) , indicating some difficulty in transporting the material from one side of the leaf to the other.
The residual activity of spiromesifen was measured by applying the compound at different concentrations, as described in Section 2.8. The best results were obtained with a concentration of 50 mg AI L −1 for a 21 day period: activity decreased from about 100% mortality to 80% mortality after 2 weeks, and to 60% mortality after 3 weeks (Fig. 5) .
Effect of spiromesifen on ovary, egg and bacteriome morphology
The experiments performed to this point indicated that spiromesifen has a strong effect on egg development, as demonstrated by the lower number of eggs laid after treatment. Eggs laid by treated females were therefore examined under the dissecting microscope, and clear abnormalities of the chorion were observed. Moreover, 72-h-old eggs laid by females treated with 5 mg L −1
spiromesifen and viewed under a light microscope showed abnormal internal structure and clearing of the content and structures inside the egg (Figs 6A and B) . The bacteriome in the treated eggs (Fig. 6B) did not move to the centre, as it does in normal eggs (Fig. 6A) . SEM analysis showed rough and abnormal development of the chorion (Fig. 6D ) of eggs laid by treated females, compared with the smooth chorion of the control eggs (Fig. 6C) . The abnormal eggs were sometimes properly laid, but in many cases they were stuck in the female ovipositor (Fig. 6F) . The abnormal eggs that were successfully laid were improperly inserted into the leaf surface owing to an abnormal and malformed egg pedicel ( Figs 6G and H) . Pedicels of eggs that are normally laid are not usually visible because they are completely inserted into the leaf tissue. Special attention was given to the effect of spiromesifen on bacteriome development. Bacteriomes in B. tabaci harbour the primary symbiont Portiera, which occupies most of the bacteriome space, and the secondary symbionts Hamiltonalla in the B biotype and Arsenophonus and Wolbachia in the Q biotype. 19, 22 Both biotypes harbour Rickettsia, which is usually scattered outside the bacteriome. 19 The effect of spiromesifen treatment on the bacteriome in eggs and nymphal stages was described following FISH of the primary symbiont Portiera and the secondary symbiont Rickettsia, which localizes outside the bacteriome (Fig. 7) . In 24-h-old untreated eggs the bacteriome is proximally localized adjacent to the pedicel (Fig. 7A) The results (Fig. 7I) showed that pyriproxyfen treatment did not cause any effect on the bacteriome morphology and movement, suggesting a specific effect of spiromesifen on the bacteriome. Spiromesifen further caused developmental effects on bacteriomes in second nymphal stages after treatment with 2 mg AI L −1 . FISH analysis of Portiera showed that the two bacteriome bodies never separated (Figs 7K and L) as seen in untreated nymphs (Fig. 7J) , and they were developmentally disrupted and unevenly formed.
The lower number of eggs laid by the treated females was also accompanied with abortion of some of the immature eggs in the female before they were laid. This was evidenced by the number of ovarioles in each ovary dissected from females treated with 5 mg L −1 spiromesifen and from untreated females. A normal untreated female carries two ovaries; each has 10-13 ovarioles. Figure 8A shows one ovary with ten ovarioles, dissected from an untreated female and stained with DAPI. While the untreated females averaged 22.5 ovarioles in two ovaries per female (the range of the number of ovarioles in untreated females was 19-24 because sometimes 1-2 ovarioles were miscalculated on account of being too small or lost while the specimens were being processed), the treated females had an average of 6.1 ovarioles in two ovaries (Fig. 8B) . This result may explain the significant decrease in fecundity in treated females. (Fig. 9A) . Treating laboratory-raised populations of B. tabaci biotypes B and Q that are resistant to major insecticides, including neonicotinoids, pyriproxyfen and diafenthiuron, with spiromesifen showed no cross-resistance to these compounds (Fig. 9B) . It should be noted that, unlike the bioassays for translaminar, soil and systemic application, in the resistance monitoring and crossresistance bioassays, plants with eggs were dipped into the compound because eggs are easier to work with. In addition, for monitoring experiments, the speed with which the compound reaches the target site is not important as long as the same application method is used. In the foliar, systemic, soil and translaminar tests, which are different application methods, the speed with which the compound reaches the target site is different, and thus it is important to use the most susceptible stage in order to see the effect as quickly as possible. For example, in the foliar application, the compound reaches the insect faster than in the systemic application, and thus, in order to see the maximum effect, it is preferable to use the most sensitive stage.
DISCUSSION
This study demonstrates the variability among B. tabaci developmental stages in their susceptibility to spiromesifen. The mode of action of this compound is novel (inhibition of lipid synthesis), and it has a very specific and strong effect on the egg and nymphal stages, as shown here (Fig. 2) and in other studies, 15 -17 while adults and late nymphal stages are only moderately affected (Fig. 1) . A recent study that tested the efficacy of spiromesifen www.interscience.wiley.com/journal/ps on field-collected B. tabaci populations in Arizona and California, and on laboratory resistant strains, showed results very similar to those obtained in the present work. 23 This study showed that the first-instar stage was the most sensitive stage among all nymphal stages, and LC 50 values for this stage ranged from 0.2 to 6 mg AI L −1 , while the present results show a range of
One of the important findings of the present study was the considerable effect of spiromesifen on juvenile stages of B. tabaci after treating adult females with the compound, suggesting a strong transovarial effect, which also led to a powerful effect on fecundity and fertility (Fig. 3) . Similarly to previous work, the transovarial effect was observed on newly oviposited eggs, suggesting a strong effect during the oogenesis process in the female. 15 The transovarial effect was evidenced by the morphological effects seen on newly laid eggs, by the reduction in fecundity owing to the effect on developing oocytes inside the female and by the number of ovarioles in treated females, which was significantly reduced, suggesting abortion of some of the eggs inside the female (Fig. 8) . Many developmental defects were observed in the eggs immediately after they were deposited by treated females, suggesting that spiromesifen acts on an important step during oogenesis that requires the deposition of lipids. Light microscopy and SEM showed defects in the egg chorion and in pedicel insertion into the leaf, internal developmental defects, such as those of the bacteriome, and problems in the oviposition process (Figs 6 and 7) . The observed egg defects were instrumental in causing oviposition problems, which may explain the lower number of eggs laid by the treated females. Eggs oviposited with defects never hatched, but not all eggs laid by treated females had defects, suggesting dose dependency of the effects. This is the first report in which developmental defects have been associated with spiromesifen. The reduction in fecundity was not due to females being killed by the compound, because only live females were taken for egglaying experiments after the treatment. Furthermore, the present work shows that these effects are obtained with treatment of both the egg and the first nymphal stage. The egg stage was found to be less sensitive than the first nymphal stage. It is not known whether spiromesifen penetrates the egg, or whether the smaller effect seen on eggs compared with first instars is because the compound does not penetrate the egg at all and the effect seen is the residual effect on first instars, or whether very little of the compound treated to eggs reaches the target site (because of the egg chorion) and thus a reduced effect is seen on eggs compared with first instars. The abnormal eggs that developed inside the female might be a factor in female mortality, thereby conferring an additional and an indirect effect of spiromesifen.
Spiromesifen is applied to the foliage. Its biological profile was therefore constructed on the basis of foliar application, 15 and it was considered to be a non-systemic compound. 15 The present results show, however, that this compound has appreciable systemic activity when applied directly to the soil, and is more active when acquired by the seedlings through their stems (Fig. 4) , an effect that depends on exposure duration. Although the time in which the compound reaches the target insect is different in the application methods tested here, the authors believe the higher LC 50 values obtained in the soil and translaminar applications to be due to the interaction between the compound and the soil particles, or the entrance of the compound to the roots in the soil application, and to the difficulty of the translaminary passage of the compound from one side of the leaf to the other. The speed of spiromesifen movement in soil and plant tissues probably depends on the physical and chemical properties of the compound, which could not be controlled in the present experiments. The results of these two application methods might also be due to the final concentration that reaches the targeted insect, which is lower than in the foliar and systemic applications, or to the fact that the time needed for the same concentration of the compound to reach the target insect is longer than in the foliar and systemic applications, and was outside the time intervals used in the present experiments. In practice, foliar application in the field is still the most relevant application method, but systemic application may be of practical interest for exported products such as cut flowers, 24 which can be treated with the compound to avoid inoculation with B. tabaci before export.
The residual activity of spiromesifen was also studied: treatment with 50 mg AI L −1 was still effective after 14 days, with more than 80% nymphal mortality. These values are similar to those previously reported, 16 i.e. 90% nymphal mortality after 14 days following treatment with 40 mg L −1 spiromesifen. of the collected populations were similar to that of the present susceptible laboratory strain (Fig. 9A ). These results demonstrate similarly high sensitivity to spiromesifen among populations across Israel, and are supported by the high sensitivity to spiromesifen found in cross-resistance tests conducted among several B. tabaci strains resistant to widely used insecticides, including pyriproxyfen, thiamethoxam and acetamiprid (Fig. 9B) . The cross-resistance results are similar to previous cross-resistance results obtained on B. tabaci B and Q biotype populations collected in California and Arizona. 23 Furthermore, previous reports demonstrated the extreme effectiveness of spiromesifen against pyriproxyfenresistant whiteflies. 15 These results suggest that spiromesifen can be used as a new and valuable tool in whitefly resistance management when combined with neonicotinoid (thiamethoxam and acetamiprid) insecticides. Because B. tabaci has developed resistance to organophosphates, pyrethroids, some insect growth regulators and some neonicotinoid insecticides, 3 -5,25 the unique mode of action of spiromesifen may give it an important role in resistance management programmes. This is Contribution No. 503/208 from the ARO, The Volcani Centre, Bet Dagan, Israel.
Spiromesifen was introduced in Israel in
